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Summary. New fault plane solutions, Landsat photographs, and seismic
refraction records show that rapid extension is now taking place in the
northern and eastern parts of the Aegean sea region. The southern part of the
Aegean has also been deformed by normal faulting but is now relatively
inactive. In northwestern Greece and Albania there is a band of thrusting near
the western coasts adjacent to a band of normal faulting further east. The
pre-Miocene geology of the islands in the Aegean closely resembles that of
Greece and Turkey, yet seismic refraction shows that the crust is now only
about 30km thick beneath the southern part of the sea, compared with
nearly 50 km beneath Greece and western Turkey. These observations suggest
that the Aegean has been stretched by a factor of two since the Miocene. This
stretching can account for the high heat flow. The sinking slab produced by
subduction along the Hellenic Arc may maintain the motions, though the
geometry and widespread nature of the normal faulting is not easily explained.
The motions in northwestern Greece and Albania cannot be driven in the same
way because no slab exists in the area. They may be maintained by blobs of cold
mantle detaching from the lower half of the lithosphere, produced by a
thermal instability when the lithosphere is thickened by thrusting. Hence
generation and destruction of the lower part of the lithosphere may occur
beneath deforming continental crust without the production of any oceanic
crust.

1 Introduction

Most Earth scientists now agree that plate tectonics provides a satisfactory description of
oceanic deformation. However, the deformation of continental regions is obviously more
complicated than that of the oceans, and the general rules governing continental deforma-
tion are not yet agreed. At present there are two extreme points of view. One is that the
deformation can usefully be described by the motion of a number of small plates moving
in a rather complicated way (McKenzie 1970, 1972; Nowroozi 1972). The other is a modifi-
cation of the earlier ideas of Argand (1924) put forward by Molnar & Tapponnier (1975),
who argued that continental regions behave plastically and important deformation is distri-
buted over wide regions rather than concentrated on a few large faults. Neither description
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is yet sufficiently precise to allow reconstructions to be carried out with any confidence,
and hence the relationship of the observed motions of the relevant major plates to the geo-
logical history of the fold belts is unclear. The purpose of this and later papers is to examine
interesting parts of the Alpine—Himalayan zone in some detail to attempt to understand the
processes now taking place. This zone is the only continental region where large-scale
shortening is now taking place. The major sources of information are the distribution and
mechanisms of earthquakes, Landsat photographs of the land areas and oceanographic
observations of submarine ones. Detailed maps of surface breaks of larger earthquakes are
extremely important, but unfortunately few such reports exist. The principal interest in
studies of this kind is as a framework for understanding past continental deformation and
its evolution with time. The plate model proposed by McKenzie (1972) (hereinafter I) for
the deformation of the Aegean and surrounding areas is shown in Fig. 1.

Figure 1. Sketch of the plate boundaries and motions in the Aegean area from McKenzie (1972). Exten-
sional plate boundaries are shown by a double line, transform faults by a single heavy line and boundaries
where shortening is occurring, by a solid line crossed by short lines at right angles. The fine dashed lines
in western Turkey mark the E and W boundaries of the region of active E—W normal faults. The arrows
show the direction of motion relative to Eurasia and their lengths are proportional to the magnitude of
the velocity.

This model explained the majority of earthquake mechanisms in the region but has been
criticized by a number of authors (Mercier et al. 1976; Bing6l 1977 ; Crampin & Ucer 1975).
The principal modification required by extensive investigations of Mercier et al. (1976) is
in central Greece, where they found no evidence of a transform fault. A different model has
been suggested by Makris (1976), who believes that the deformation of the region is the
surface expression of a mantle plume.

The locations of the geographical names used in this paper are shown in Fig. 18.

2 Data reduction

The hypocentres used in this study are those calculated by the United States Coast and
Geodetic Survey and by the National Ocean and Atmospheric Administration. The accuracy
of these locations increases with both the magnitude and the date, since it depends primarily
on the number of stations reporting P-wave arrival times. The epicentres of large shocks
(my, > 5.5) are probably accurate to about 10 km, though there is some evidence of a
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Tectonics of the Aegean region 219

systematic displacement to the north by about the same amount. Small shocks (i}, < 5.0)
are much less accurately located. The depth control is poorer for all magnitudes because
DP is rarely recorded and the control from close stations is inadequate. For small shocks
especially the depth error can be as large as 75 km. Recent locations from a local network in
Greece have shown that several shocks located by NOAA at depths below 70 km are in fact
much shallower (Berckhemer, private communication). For these reasons complicated
models of the shape of the subducted slab beneath the Hellenic Arc (Papazachos 1973,
1976a,b) should be viewed with caution. The same remarks apply to the distribution of
small shocks along the Mediterranean Ridge.

The focal mechanisms used here are those from I together with a number of new solu-
tions determined from long-period vertical WWSSN records read by the author. Dewey
(1976) has published a solution for one of the shocks, 1970. 3.28 2102 GMT, which agrees
excellently with that in Fig. 8(a). Ritsema (1974) has also published 17 solutions for shocks
whose mechanisms are included in this paper. He does not show the polarity observations,
and read only a few of the seismograms himself. He divides the solutions into four groups on
the basis of their quality. The agreement between Ritsema’s solutions and those below is
excellent for about half the shocks, but there is no correlation between his estimate of the
quality of the solutions and the extent of the agreement. Where his solutions disagree with
those below his nodal plane often passes on the wrong side of some readings whose wave-
form suggested they were close to a node and whose polarity must be read with care. It
seems likely that Ritsema used the wrong polarities for some of these stations.

Solutions for a number of the shocks in the Aegean have also been determined by
Alptekin (1973) (see Bingol 1976). His solutions have a much greater component of strike
slip motion than those below, probably because he uses a lower velocity at the hypocentre.
This has the effect of moving all the stations toward the centre of the projection (see I),
which often increases the strike slip component. It is not clear what source velocity should
be used for a crustal shock. If the polarity observations use wavelengths much greater than
the crustal thickness (20 s or greater period) then a mantle velocity should be used. If,
however, the wavelength is much less than the crustal thickness (periods 1 s or less) then the
true source velocity is the relevant one. The problem with the long-period WWSSN records
is that the instrumental response is greatest at about 15 s and the onset of the motion con-
tains higher frequencies. Hence the periods involved are intermediate, and it is not clear
what velocity to use. A study of this problem using synthetic seismograms would be of
considerable interest. The procedure used here and in I was to use a mantle velocity of
7.8 km/s for all solutions. If two orthogonal planes could not be fitted to the observations
the source velocity was reduced to 6.8 km/s and a new attempt made, which was in all cases
successful.

The best satellite photographs for tectonic purposes are those taken with a low Sun angle
in the late autumn and winter (October to December). If, however, snow is present, the
automatic contrast control causes the snow-free areas to be underexposed (the opposite
problem occurs when water covers an appreciable part of the scene). The elevation was used
as a guide to the likelihood of snow cover when selecting the photographs, which were
combined into mosaics. Before their edges were cut off latitude—longitude crossings were
marked with a small cross. To make overlays showing the seismicity and fault plane solutions
the completed mosaic was placed on an X-Y digitizing table, the positions of the latitude—
longitude crossings punched on to paper tape, and conic projection fitted to the points by
least squares. The difference between the positions of the latitude—longitude crossings
calculated from this projection and those on the mosaics is given in the figure captions, and
is in most cases less than 5 km. The worst error was 7.3 km for the mosaic covering Greece,
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Albania and Yugoslavia (Fig. 17), and was caused by the absence of photographs in western
Bulgaria and eastern Yugoslavia.

The same program can be used to make accurate overlays for the 1:10° air approach
maps, with errors of about 0.2 km. Unfortunately the air approach maps do not use the
same projection as the satellite photographs, and therefore the overlays produced for these
maps do not fit the mosaics as well as those produced by the procedure described above.

3 The Hellenic Trench

The Hellenic Trench consists of a number of deep basins between Kefallinia and Rhodes
(Fig. 2), and is considerably shallower than the trenches of the western Pacific. There is
an obvious difference between the basins west of Crete, which are little elongated along the
arc, and the narrow linear structures called the Pliny and Strabo trenches, east of Crete. The
seismicity is mostly seaward of the islands, and all of the larger shocks in Fig. 3 lie between
the deepest part of the trench and the islands. A few small shocks may lie as far south as the
Mediterranean Ridge, the swell south of the deep basins in Fig. 2, but because the events are
small their locations are poor. At the northwestern end of the arc, where the sea-floor shoals,
the seismically active zone runs into northwestern Greece (see also Fig. 14). Both the small-
scale bathymetry (Stride, Belderson & Kenyon 1977) and geological mapping on land (British
Petroleum 1971) suggest that the deformation is taken up by a number of right-handed strike
slip faults which connect the deformation of northwestern Greece to the Hellenic Arc. It is
surprising that none of the five fault plane solutions in this area in Fig. 3 show any evidence
of strike slip movement. At the eastern end the activity is continuous with the normal fault-
ing zone in western Turkey (Fig. 6). In the central region, however, there is little activity
north of the Arc, and the few shocks which have occurred have all been small. Hence the
southern part of the Aegean Sea is moving as a relatively rigid block compared with the
surrounding zones. However, the low level of seismic activity, the seismic reflection records
of Jongsma er al. (1977), and the existence of a number of active faults in the Peloponnese
(Dufaure 1965} all show that slow deformation must none the less be occurring.

Table 1. The magnitude is the body-wave magnitude given by NOAA. Mechanisms of events before 1970
are contained in McKenzie (1972), listed in Table 3. If the depth is followed by an m the fault plane
solution is that for a shock in the mantle, if followed by a c the solution is that for a shock in the crust
with a velocity of 6.8 km/s.

Time

Year/Month/Day hm s Lat °N Long °E Depth {km) Magnitude Figure
1975.9.22 00 44 57.7 35.29 26.23 63m 5.3 6 (b)
1975.4.30 4 28 56.9 36.18 30.77 56m 5.6 4 (f)
1975.4.4 516 16.2 38.09 21.98 §3m 5.4 16 (d}
1975.3.27 515 06.2 40.42 26.14 5¢c 5.7 9 (k)
1673.11.29 10 57 42.7 35.18 23.80 26m 5.7 4 (e)
1973.11.4 15 52 1.7 38.90 20.44 8m 5.8 16 (c)
1973.1.5 549 17.5 35.81 21.84 33m 5.3 4 (d)
1972.9.17 14 07 15.6 38.28 20.34 33m 5.6 4 {c)
1972.9.13 413 20.5 37.93 22.39 83m 6.0 6 (a)
1972.5.4 21 40 00.9 35.12 23.61 46m 5.9 4 (b)
1672.3.14 14 05 45.8 39.28 29.42 33m 5.4 9 (§)
1871.5.25 543 27.0 39.03 29.74 24c 5.8 9 (i

1971.5.12¢ 12 57 24.8 37.58 29.60 33c 5.4 9 (h)
1971.5.12b 10 10 37.2 37.53 29.72 33c 5.5 9 (g)
1971.5.12a 6 25 13.0 37.59 29.76 23c 5.5 9 (f)
1971.1.3 23 18 41.3 34.67 26.34 32m 5.2 4 (a)
1970.8.19 2 01 53.1 41.10 19.77 33c 5.2 16 (b}
1970.4.23 9 01 24.7 39.13 28.70 8m 5.2 9 (e)
1970.4.19 13 29 36.4 39.06 29.83 20¢ 5.4 9 (d)
1970.4.16 10 42 18.8 39.03 30.00 9c 5.5 9 (c)
1970.4.8 13 50 27.2 38.43 22.66 17m 5.8 16 (a)
1970.3.28b 23 11 44.0 39.22 29.52 37¢ 5.2 9 gbg
1970.3.28a 21 02 23.4 39.20 29.57 20¢ 6.0 9 (a
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Tectonics of the Aegean region 223
(a) 197113 (b) 197254

A0

(c) 1972-917

(d) 197315

Figure 4. Polarity observations for the fault plane solutions shown in Fig. 3 which are not given in I. All
mechanisms in this and other figures are equal-area projections of the lower hemisphere of the focal
sphere. Long-period polarity observations obtained from the vertical long-period record at each station
are shown as dots, open if the polarity was dilatational (first motion downwards), solid if it was com-
pressional (first motion upwards). If the polarity was not completely clear, or if it had to be determined
from short-period records it is shown as a small dot or circle. It is sometimes possible to recognize that a
station is close to one of the nodal lines of the solution from the character of the long-period waveform
itself, and such observations are shown as a dot or a circle if the polarity could be read, or as a simple
cross if this was not possible. The focal planes are labelled 1 and 2 arbitrarily, and which is the fault
plane cannot be decided from the polarity observations. If plane 1 (2) is the fault plane then the slip
vector is the line labelled 1 (2). All solutions are placed in the mantle.

The mechanisms in Fig. 3 are reasonably consistent. All have a steeply dipping plane
striking NW—SE. All shocks whose solutions were obtained by reading the WWSSN seismo-
grams (1963.12.16 onwards) have a shallow plane dipping beneath the arc and a steeper
one dipping SW. If these steep planes are the auxiliary planes, the mean slip vector has an
azimuth of 211°, shown as an arrow in Fig. 2. This direction marks the relative motion
between the southern Aegean and Africa and is approximately parallel to the narrow slots
in the sea-floor known as the Pliny and Strabo trenches east of Crete. Hence the eastern
part of the Hellenic Trench must be dominantly a transform fault. It is surprising that the
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() 1975-4-30

(e) 1973-1129

% =139
6=82.8"

Figure 4. (e—f).

fault plane solutions in this area are almost all thrusts, though none of the epicentres are on
the supposed transform faults. Only 1957.4.24 and 1957.4.25 show strike slip motion, and
neither solution is well constrained (see I). Presumably the transform faults join a number
of short segments of trench. '

A surprising feature of Fig. 2 is the low level of seismic activity between Crete and the
Peloponnese. This part of the arc is normal to the direction of relative motion and should
be the most active. Perhaps this gap will be filled by a series of large shocks or perhaps the
seismic activity of arcs depends on the thickness of the sediments on top of the plate being
subducted. Certainly the frequency of large shocks along the Makran Coast in the northwest
Indian Ocean, where thick sediment is also being subducted, is less than that of the Pacific
Arcs.

The relationship between the surface deformation and the locations of intermediate-focus
earthquakes is confused by errors in the published depths. The depths used in plotting Fig. 5
are those given by the USCGS and NOAA. Similar plots have been published by Papazachos
(1973, 1976a) which include shocks before 1961. Unfortunately the depths of all these
events are of uncertain reliability (see Section 2). Some of the small aftershocks of large,
shallow, normal fauiting events, for instance 1975.3.27, are claimed to be below a depth of
50 km, which seems unlikely. The seismic belts crossing continental regions in the Mediter-
ranean and Middle East all contain a few small shocks located by the USCGS and NOAA at
depths between 50 and 100 km, but wherever detailed microearthquake studies have been
carried out these depths have not been confirmed. Until good depth determinations are
available for the shocks in Fig. 5 the geometry of the intermediate-depth earthquake zones
will remain uncertain.

The depths of shocks below 100 km is frequently known more accurately than that of
shallower shocks. The majority are related to the subduction now occurring along the Hel-
lenic Arc and increase in depth with distance from the thrust zone. If they lie within a slab
produced by subduction at the Arc in the direction marked by the arrow in Fig. 2, the dip
of the slab must be greater beneath Greece than beneath the southern part of the Aegean.
There is, however, no reason to believe that the direction of subduction has remained
unchanged for long periods. The extension which produced the deep basins north and east of
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Tectonics of the Aegean region 225
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Figure 5. Epicentres of shocks below 50 km between 1961.1.1 and 1975.12.31 from the USCGS and
NOAA. These depths are of variable accuracy for the reasons discussed in the text. The P, T and null axes
of six intermediate shocks are shown in the small circles in an equal-area projection, connected to the
epicentres concerned. The T axis is shown as a solid dot enclosed by a circle, the P axis by open circles
and the null axis by crosses. The curved line shows the approximate dip and strike of the plane containing
the earthquakes. Polarity observations are given in [ or in Fig. 6.

(b)y 1975-5-22
(@) 1972-913

=180, 5=44"

Figure 6. Polarity observations for two shocks whose depths exceeded 50 km. (a) 1972.9.13 P axis,
Az =356°, dip=9°; T, Az = 92°, dip = 33°; null, Az = 252°, dip = 55°. Plotted in Fig. 5. (b) 1975.9.22
P axis;, Az = 302°, dip = 10°; T, Az = 195°, dip = 58°; null, 4z = 36°, dip = 30°. Not plotted in Fig. §,
see text.

8
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226 D. McKenzie

Crete, where little deformation is now occurring, must have influenced the direction of sub-
duction along the Hellenic Arc. Until the history of the deformation behind the Arc is
known in some detail it is not possible to make reconstructions to discover where pieces of
the sinking slab were subducted.

Not all the intermediate events are related to present subduction. Five scattered events
have been located beneath the northern Aegean which Papazachos (1973, 1976a) believes
mark a sinking slab produced by a subduction zone in the northern Aegean. There is, how-
ever, no evidence of thrusting on the scale required (see Section 5) nor of associated vul-
canism. If the depths are well determined these shocks presumably lie within material
subducted at a trench which is no longer active. Several shocks deeper than 100 km have also
been located beneath southwestern Turkey in a zone striking E—W. These may be related to a
subduction zone further south marked by 1969.1.14 and 1975.4.30 in Fig. 3.

The P, T and null axes from six mechanisms of shocks below 70 km are shown in Fig. 5,
in equal-area lower-hemisphere projections, together with a curve showing the approximate
dip and strike of the active zone. One shock 1975.9.22 at a depth of 63 km is not plotted in
either Fig. 3 or Fig. 5; it is not clear whether this event is intermediate or shallow, and its
poorly-determined mechanism (Fig. 6) is unlike both groups. The event in Fig. 3 beneath
western Turkey was located by the ISC at a depth of 65 km, whereas the USCGS obtained
72 km. It is unlikely that this event was shallow because its mechanism (I, fig. 23) is
different from that of other events in the area which are known to be shallow (Fig. 8,
Section 4).

The discussion above shows that the Hellenic Arc differs little from island arcs elsewhere
which are subducting oceanic lithosphere. Whether the floor of the Mediterranean southwest
of the Arc is oceanic is still unclear, since this question concerns not only the velocity struc-
ture, which is not yet well known and may have been changed from the typical oceanic
velocity structure by metamorphism, but also its origin.

4 Western Turkey

The seismicity of western Turkey (Fig. 7) between 1961 and 1975 is concentrated in a
number of bands running approximately E—W which correspond to the foreshock and
aftershock sequences of major earthquakes. The three most recent sequences, those of the
Gediz earthquake starting in 1969 March and of the shocks on 1971.5.12 and on
1975.3.27, were all associated with major normal faults, and fault breaks have been mapped
for the first two of these sequences (Ambraseys & Tchalenko 1972; Arpat & Bingol 1969;
Erinc et al. 1971). This activity is concentrated in a zone in western Turkey between 30%° E
and 26° E, and the normal faults which extend both east and west of these limits appear to
be much less active. The only mechanisms which are not normal faults are the strike slip
events associated with the North Anatolian Fault (1967.7.22 and 1957.5.26), similar strike
slip faults further west (1953.3.18, 1912.8.9), and a number of thrust events off the south
coast which have already been discussed. Arpat & Bingol (1969) give a number of references
to earlier workers who had recognized the normal faults in the field.

The dominance of the normal faults is also obvious in the satellite photographs and from
the surface breaks of the larger earthquakes (Fig. 10) as Allen (1975) has pointed out. He
shows Landsat photographs of the two areas marked 1 and 4 in Fig. 10, those of areas 2 and
3 are shown in Plate 1. The scarps of the normal faults show as linear segments joining at
shallow angles, and separate the alluvial plains from the rougher terrain. Other normal faults
are almost certainly active, cutting the alluvial plains and the hilly regions, but are not
visible on the photographs. The faults on which the surface breaks of the Gediz earthquake
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35
25

Figure 7. Epicentres of shocks with depths between 0 and 50 km in western Turkey, plotted on a conic
projection which best fits the mozaic of Landsat images of the area. RMS error of fit is 2.7 km.

of 1970.3.28, mapped by Ambraseys & Tchalenko (1972), are a good example, and are not
visible on the Landsat photographs. The other surface breaks in Fig. 10 are discussed in I
except 1899.9.20, 1912.8.9, and 1971.5.12 taken from Ambraseys (1971), Allen (1975)
and Erinc et al. (1971) respectively. Where fault plane solutions and surface breaks are avail-
able for the same shock the ambiguity between the fault and auxiliary plane can be resolved,
and hence the slip vector determined. The azimuths of several slip vectors are shown in Fig.
10. Many other normal faults are also shown which have no recorded surface breaks, though
otherwise they appear similar to those which have. These faults are visible on the Landsat
photographs, and several are also shown by Crampin & Ucer (1975) and by Arpat & Bingol
(1969). In the Aegean, however, the morphology and bathymetry are controlled by the
faults only where they are active, because the sedimentation rate is high.

The motions in Fig. 10 show that the continent is being stretched in western Turkey.
The motion occurs on many faults, probably many more than those which have been active
since 1899. The slip vectors show a systematic change in trend. In the northeast of the
region the fault plane solution and surface break of 1967.7.22 on the North Anatolian Fault
are in good agreement and require a slip vector within a few degrees of 90° E. That of
1967.7.30 is less well controlled, since the strike would be changed if a crustal velocity was
used. The slip vector of 1964.10.6 is well controlled by close stations, though the strike of
the fault plane could be changed and remain compatible with the polarity observations. The
slip vector is similar to that of 1953.3.18, which is also well controlled. The same is true of
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Figure 8. Focal mechanisms of shock in western Turkey. Projection the same as Fig. 6. Polarity obser--

vations in I and Fig. 9.

1970.3.28a. Both 1964.10.6 and 1970.3.28a had to be placed in the crust before two
orthogonal planes could be fitted. The slip directions for 1969.3.23 and 1969.3.28 are
less well constrained. The first shock was placed in the mantle in I; if it occurred in lower
velocity rock the component of strike slip could be considerable. 1969.3.28 was placed in
the crust, but the absence of compressional observations allows a strike slip component of
motion if the crustal velocity is decreased. The auxiliary plane of 1971.5.12a is well con-
strained and the strike of both planes is insensitive to the crustal velocity. The slip vectors
show a systematic change in trend, from ENE in the north to NW in the south. The motion
therefore resembles the opening of a fan or spreading of a hand. Structures beneath the
Aegean appear to have been produced by the same process, but the faults involved are
mostly now less active (see Section 5).

Many sections across graben structures show the nommnal faults as planar structures with
constant dip (Bott 1976; Arpat & Bingol 1969). There is, however, evidence that the dips
of at least some of the normal faults in western Turkey become shallower at depth. The best
evidence comes from 1970.3.28, whose fault break was mapped by Ambraseys & Tchalenko
(1972). They measured the dip at the surface in several places to be between 60 and 70°.
Where they could not measure the dips with confidence the outcrop of the breaks suggested
these faults also were steeply dipping. The dip of the relevant plane of the fault plane
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Figure 9. Polarity observations for mechanisms in Fig. 8; (e) and (j) placed in the mantle, the remainder
in the crust with a P-wave velocity of 6.8 km/s.
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Figure 10. Surface breaks mapped after earthquakes are shown as heavy lines, with short lines on the
downthrown side. Strike slip breaks are indicated as a single heavy line. Solid dots indicate the epicentres
of the shocks in Fig. 8. Faults visible on the Laendsat mozaic probably associated with shocks since 1960
are shown by heavy dashed lines. Fine lines indicate faults visible on the mozaic which are not believed to
be associated with recent events but are probably active. The arrows show the direction of motion deter-
mined from the surface break and fault plane solution. The fauit breaks are taken from: 1899.9.20
Allen (1975), 1912.8.9 Allen (1975) sense of motion not determined, 1953.3.18 Ketin & Roesli (1953),
1964.10.6 Ketin (1966), 1967.7.22 Ambraseys & Zatopek (1969), 1967.7.30 Ambraseys & Zatopek
(1969), 1969.3.28 Arpat & Bingol (1969), 1970.3.28 Ambraseys & Tchalenko (1972), 1971.5.12
Erinc ef al. (1971). The Landsat images of regions 1 and 4 correspond to Allen’s (1975) figs 12 and 13
respectively, and regions 2 and 3 are shown in Plate 1. Projection that of Fig. 7.

solution is 35° N, and the dip but not the strike of the plane is well controlled. Though the
dip depends on the source velocity used, if the velocity is decreased the auxiliary plane must
become steeper. Since the fault plane is at right angles to the auxiliary plane its dip becomes
shallower. It does not, therefore, appear possible to force the surface observations to agree
with the fault plane solution. The evidence for the other two shocks is less good. The surface
break for 1969.3.28 was mapped by Arpat & Bingol (1969) but they do not give any dips.
However, their fig. 1 shows a number of faults with steep inclinations, whereas the fault
plane solution shows the active plane had a dip of 29°. The third example is 1964.10.6.
A surface break was mapped by Ketin (1966) and probably was produced by this shock. If
so, then the dip of the fault plane is 36° determined from the fault plane solution. The
epicentres of all three shocks are displaced to the north of their surface breaks, but in the
absence of accurate focal depths the dips of the fault planes cannot be estimated. Further-
more, the epicentres of two strike slip shocks, 1953.3.18 and 1967.7.22, are also displaced
northwards and suggest that this behaviour may be due to systematic errors.
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5 The Aegean Sea

In the last five years marine geophysicists have surveyed the Aegean in some detail and an
excellent bathymetric map has been published (Morelli, Pisani & Gantar 1975). The principal
bathymetric features were pointed out by Maley & Johnson (1971) and are visible in Figs 11
and 12. The graben systems of western Turkey extend beneath the Aegean as troughs,
though the southern ones are relatively inactive. The NE trend of the structures beneath the
Aegean north of 38° N is truncated by NNW troughs NE of Greece and Evvia. Most marine
geophysicists have argued that the structures beneath the Aegean have been produced by
extension (Jongsma 1975; Jongsma et al. 1977; Needham et al. 1973), though Maley &
Johnson (1971) were undecided whether the Anataolian Trough in the northern Aegean was
a rift or a trench. '

The fault plane solutions in Fig. 12 strongly support the existence of extension. Two new
solutions are for events on 1956.7.9 and 1975.3.27. The first of these shocks was shown as
dominantly strike slip in I, though many of the short-period observations were inconsistent
with the focal planes chosen. However, Shirokova (1972, fig. 59) has published a more con-
sistent mechanism for this event which also agrees better with those of other shocks in the

Figure 11. Distribution of epicentres of events shallower than 50 km. Contours are at depths of 400, 600
and 1000 m taken from Morelli, Gantar & Pisani (1975), shaded below 600 m.
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Figure 12, Focal mechanisms of shallow shocks beneath the Aegean. Polarities in Figs 9, 16 and 1.

neighbourhood, and is therefore to be preferred. The other new mechanism, for 1975.3.27,
is shown in Fig. 9(k) and is very well constrained to be a normal fault with a considerable
component of strike slip motion. Both Papazachos (1976a) and Ritsema (1974) show many
mechanisms for shocks in the northern Aegean which are thrusts but do not show the
polarity observations. The only thrust in Fig. 12, which is believed to contain all the reliable
mechanisms, occurs at the SW end of the Anatolian Trough where the change in trend
occurs. In the same area Jongsma (1975) believed he could see thrusts on reflection records.
The mechanism of 1975.3.27 together with Allen’s (1975) description of the surface
break of 1912.8.9 are consistent with a strong right lateral strike slip motion on the eastern
part of the Anatolian Trough. This part also has a negative gravity anomaly of —50 mgal
(Needham ef al. 1973), which is a typical feature of oceanic fracture zones. There is some
evidence that the western part of the Anatolian Trough contains a larger component of
opening. The (rather poor) solution for 1965.12.20 contains a large component of normal
faulting. Both focal planes are parallel to features described by Needham et al. (1973) which
are normal to the trend of the trough. Two substantial shocks, 1967.3.4 and 1968.2.19,
have occurred south of the Anatolian Trough and are not associated with any major bathy-
metric feature. There is, however, a zone of disturbed sediment in this area clearly visible
on reflection seismic records (Jongsma 1975). The aftershocks of 1968.2.19 have recently
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been relocated by North (1977) who found that they lay on a NE—SW trend. If this trend
follows the fault plane then the motion must be right lateral, as had previously been sup-
posed in I. Recently Lalechos & Savoyat (1977) have obtained deep penetration seismic
reflection records covering the area of the Anatolian Trough and the shallow regions further
north. They found evidence of widespread normal faulting on two trends, one parallel to the
Anatolian Trough, the other striking between NW and NNW. They found no evidence of
shortening in the area.

In the southern part of the Aegean there is little seismic activity, and all the mechanisms
show normal faulting. Those in the east, 1956.7.9 and 1968 .12.5 have nodal planes striking
parallel to local troughs, which are probably grabens bounded by normal faults. Their trends
are parallel to those on land and the direction of opening is the same. The solution NW of
Crete is more surprising. Both nodal planes are approximately normal to the Hellenic Arc,
though the strike of only one of them (plane 1 in I, fig. 21(m)) is well controlled. Similar
normal faults striking N are known on Crete (Angelier 1977), and have also given rise to the
Gulf of Corinth and other parallel graben in Greece (Section 6).

There has been considerable speculation about whether the North Anatolian Fault
extends beneath the Aegean. The information in Figs 11 to 13 suggest that it does not and
that the motions are taken up on several structures with considerable components of normal
faulting. This process starts with 1967.7.30, and the bathymetric map of the Sea of
Marmara (Fig. 13) suggests it is a graben. The opening on this graben is probably oblique and
parallel to the slip vector for 1967.7.30. Furthermore this slip vector is parallel to the trace
of the strike slip fault which broke in 1912.8.9 (Allen 1975). The southwest extension of
this fault beneath the sea is marked by a narrow trough (Fig. 13), which is slightly oblique
to the eastern part of the Anatolian Trough and forms its eastern boundary. The shock on
1975.3.27 has a considerable component of strike slip motion, which is right-handed if
plane 2 is the fault plane. The strike of plane 1, and hence of the slip vector, depends
strongly on the velocity of the origin, and has a larger east—west component than that
shown if the velocity exceeds 6.8 km/s. These fault plane solutions and maps of surface
breaks suggest that the motion is taken up to the west on a number of approximately E—W
grabens. The fault plane solutions show that the N—S component of the motion increases

Figure 13. Bathymetry and topography in the neighbourhood of the Sea of Marmara, taken from US
Navy Map No. 5622 (1st edn). Submarine contours 100 (200) 700 fthm, except in the Black Sea where
only the 100 and 500 fthm are shown. Subaerial contours 1000, 2000, 3000, 5000, 7000 ft. FFocal
mechanisms and surface breaks in Figs 8 and 10.
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a)

Plate 2. Landsat images of regions 1 (a), 2 (b) and 3 (c), in Fig. 17. (a) 811 020 848 55G, 811 020 848 25G
(b) 811 040 859 55A, 811 750 854 15A, 811 020 848 55G, 811 020 849 15G, (c) 811 020 849 15G, 811 920
849 45N.
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westward. This increase can account for the change in the trend of the strike slip faults from
E—W for 1967.7.22 on the North Anatolian Fault to ENE for 1912.8.9 and 1953.3.18
to NE for 1965.3.9 and 1968.2.19.

6 Greece, Albania, Yugoslavia and Bulgaria

This region is less well understood than western Turkey, and little attempt was made in I
to describe the tectonics of the region. Principally because of the Landsat photographs it is
now possible to discuss the area in more detail and to give a general account of the defor-
mation. As already mentioned (Section 1) there is no evidence to support the suggestion
made in I that the Anatolian Trough is connected to the Gulf of Corinth by a NE trending
strike slip fault.

The distribution of seismicity (Fig. 14) shows that the activity associated with the
Hellenic Arc bends eastward north of the island of Levkas and north of this point is almost
entirely confined to the land. Only in the extreme NW, where the Albania—Yugoslavia
border reaches the Adriatic, are off-shore structures again seismically active. This behaviour
is probably caused by the existence of the rigid Apulian block beneath the sea to the west,
which is stronger than the heavily deformed belts of Albania, Yugoslavia and Greece. The
other major active zone follows the Gulf of Corinth eastward towards the Aegean. The part

Figure 14. Epicentres of shocks with depths between 0 and 50 km, plotted on a conic projection which
best fits the mozaic of Landsat images of the area. RMS error of fit is 7.3 km.
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Figure 15. Focal mechanisms of shallow shocks in the area covered by Fig. 14 and in the same projection.

Polarity observations in I and Fig. 16. Crampin & Ucer (1975) pointed out that 1969.10.13 was mis-
plotted in western Turkey in I.

of Greece south of the Gulf has some active normal faults (Dufaure 1965) but their displace-
ments are considerably smaller than that on those further north along the southern margin
of the Gulf of Corinth.

The fault plane solutions in Fig. 15 show that, except in western Greece and Albania,
most of the deformation is produced by normal faulting. This observation agrees excellently
with the field mapping of Mercier et al. (1976) in the Gulf of Corinth region and further
north. They found Kefallinia had been deformed by thrusting during most of the Pleistocene
whereas further east normal faulting had been active. They also showed that the deformation
regime was compressional in the earliest Pleistocene. Their observations suggest that the
boundary separating normal faulting from thrusting can change position rather rapidly. The
division of the active region north of Kefallinia into a western thrust belt and an eastern one
of normal faulting is very obvious on the Landsat photographs. Several normal faults are
clearly visible (Fig. 17). Many others probably exist but are not so easily visible either
because they are small or because the Sun elevation is too great. A portion of the phot-
mosaic in Plate 2(a) shows one of these faults. It is more linear than those in Western Turkey,
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(a) 1970-4-8 (b) 1970-8-19

(c) 1973114 (d) 1975-4-4

Figure 16. Polarity observations for mechanisms in Fig. 15. (b) in the crust, the remainder in the mantle.

probably because it follows the trend of older geological structures. A number of normal
faults have also been mapped by Arsovsky & Hadzievsky (1970), who show the arcuate
structure in Plate 2(a) as a fault. This structure marks the northern extension of a number
of major normal faults. Therefore if it is a fault the motion on it should be right-handed
strike slip in a direction approximately parallel to one of the planes of the fault plane solu-
tion for 1963.7.26 nearby (plane 2 in I, fig. 20(e)). This choice is consistent with the
regional tectonics (see I and Section 7) but not with the field observations of surface break-
age (see below).

The thrust zone to the west looks very different (Plate 2b,¢) and consists of a number
of large amplitude open folds. The style of deformation is also found in the northeast Caucasus,
southeast Turkey and the Zagros mountainsin Iran. In all these regions the deformation is pro-
duced by thrusting and the succession contains mobile salt horizons. A region of Fig. 17
north of the Gulf of Corinth has been mapped in detail and the subsurface explored by
drilling (British Petroleumn 1971). That study showed that a number of the thrust faults
outcropped in evaporite horizons, and that major thicknesses of halite existed at depth.
It is therefore not surprising that the faults are not visible on the Landsat mosaics. Further
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20

Figure 17. Surface breaks and faults visible on the Landsat images (see Fig. 10 for details). Projection
that of Fig. 14. The fault breaks are taken from 1861.12.26 Richter (1958), 1894.4.27 Richter (1958),
1928.4.14 and 1928.4.18 Richter (1958), 1967.11.30 Sulstarova & Kociaj (1969) and Ambraseys
(private communication). The Landsat images of areas 1 to 3 are shown in Plate 2.

north IFP (1966) have carried out a similar detailed investigation in approximately the
region covered by Plate 2(c). They find widespread evidence of thrusting and of decoupling
caused by evaporite horizons. Both investigations are more concerned with the geometry of
the folds and faults and their relationship to the stratigraphy than whether the deformation
is continuing. However both here and elsewhere the correlation between open folds which
dominate the geomorphology and active thrusting is striking. This correlation suggests that
the area of western Greece, Albania and Yugoslavia where such folding is obvious on the
satellite mosaics (Fig. 17) is associated with thrusting and salt tectonics. The thrusting region
may be more extensive than that shown.

Several earthquakes have been associated with surface breaks, all but one showing normal
faulting. The most impressive are the breaks associated with 1928 .4.14 and 1928.4.18 in
southern Bulgaria (Fig. 17). They were mapped by Jankof (see Richter 1958) and follow the
two sides of a graben. These faults are not visible on the Landsat mosaics. Though no fault
plane solution is available for either shock, the absence of appreciable strike slip motion
on the E—W part of the graben system suggests N—S extension. The other major surface
break in the region was associated with a shock on 1894.4.27 in eastern Greece. This break
is also described by Richter (1958), who again remarks that there is little evidence of strike
slip motion. He also describes that of a smaller shock on 1861.12.26 on the southern shore
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of the Gulf of Corinth. Though he attributes the break to secondary slumping, the sense and
form of the motion agree with that expected in the area (see also Section 7). The only other
surface break which has been described in any detail was associated with 1967.11.30
(Arsovsky 1970; Sulstarova & Kociaj 1969). The fault trended about 30° E and was down-
thrown on the SE side. Though this trend is in poor agreement with the fault plane solution
in I, the strike of the nodal plane labelled 1 in I, fig. 20(r) is poorly constrained. The
polarity observations themselves are not inconsistent with the mapped break. This uncer-
tainty results from the absence of any close WWSSN stations in the NE quadrant covering
the USSR and other eastern European countries. The auxiliary plane 2, and hence the slip
direction, is better controlled, but the strike slip motion is then left lateral, which was not
observed. Ambraseys (1975) lists three other shocks with possible surface breaks for which
fault plane solutions are shown in Fig. 15. The strike of the break from 1954.4.30 is con-
sistent with the polarity observations in I, fig. 20(c) and suggests plane 1 is the fault plane.
That for 1963.7.26 agrees well with the sense of motion and strike of plane 1, though the
surface break was not well defined. The last one, for 1966 .10.29, is not compatible with the
polarity observations. Either the fault involved has a complicated shape, or the break was
not associated with the earthquake. Therefore the slip direction cannot be determined. The
ambiguity between the fault and the auxiliary plane has been resolved for one shock in the
region with no known surface break. Fitch & Muirhead (1974) used the aftershocks of
1966.2.5 to show that the plane dipping SW was the fault plane, hence the extension was
approximately NS.

The slip vectors obtained from the fault plane solutions are plotted in Fig. 17, though
none of them are well constrained. Widespread normal faulting on faults with NW trends is
visible on the satellite photographs, and is clearly shown by drilling in the northwestern
Aegean (Lalechos & Savoyat 1977). This direction is parallel to that of a few small shocks
beneath the southwestern part of the Aegean, where Jongsma et al. (1977) have demonstrated
normal faulting still continues. Near the Gulf of Corinth the extension direction is more
N-S. The strike of many of the normal faults and some of the thrusts is probably inherited
from the older geological structures (IFP 1966).

The most obvious problem in accounting for the observed deformation is the relation-
ship between the thrusting and normal faulting in the northwestern part of the area. Since
the thrust and normal faults have similar strikes and dips there is almost no overlap of the
dilatational quadrants of the fault plane solutions. Hence it is not possible to produce the
observed motions with a single stress field even if both sets of faults are reactivated
(McKenzie 1969b). That the stress system changes so completely is surprising and not
easily explained (see Section 9).

7 Geometry and mass conservation

This section and the two which follow are concerned with kinematics, thermal structure and
dynamics of the Aegean region. Some of these questions can be examined in considerable
detail because so much more is known about the Aegean region that about other similar
structures which are no longer actively deforming.

Fig. 18 shows a summary of the present motions and directions, and the major difference
between it and Fig. 1 is in the structures and motions shown in northern Greece, Albania and
Yugoslavia. To a limited extent plate tectonics provides a useful description of these
motions. Where the motion is taken up on a major structure such as the North Anatolian
Fault or the Hellenic Arc, and where the regions on both sides are undergoing little defor-
mation, the simple ideas of plate tectonics can successfully describe the observed slip direc-
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Figure 18. Summary of the present deformation of the Aegean region. Normal faults are shown as long
curved lines with short lines at right angles on the downthrown side. Thrust faults are lines with open
semicircles on one side. Except for the thrust fault along the SW side of the Hellenic Arc, where the
semicircles are on the overriding side of the fault, the side on which the semicircles are has no significance.
Solid dots mark epicentres of shocks for which mechanisms are available and which are believed to be
produced by the observed surface deformation. The directions of motion obtained from fault plane
solutions are shown by arrows. The long heavy arrow shows the direction of relative motion between the
Aegean and Africa taken up by the Hellenic Arc. Heavy Vs mark sites of recent vulcanism, taken from
Ninkovich & Hayes (1972). Because the period for which accurate instrumental locations for epicentres is
so short, and because faults not visible on the Landsat mozaics have produced at least two major shocks
in this area since 1928, this figure should not be used as a guide to seismic risk. Many more faults than
those shown must be active.

tions. But the theory is of little value in regions such as northern Greece or western Turkey
where the deformation is spread over a zone. Within these zones the motions are not random,
and the type of faulting and the slip vectors vary systematically with position, but in a way
which is not simply related to the relative motion of the aseismic regions on either side of the
deformation zone. For example, in western Turkey the slip vectors may vary systematically
from almost E—W in the north to NW—SE in the south. This behaviour could be produced
by the rotation pole between the Aegean and Turkey being in central Turkey, but there is
no evidence of corresponding behaviour in the thrust mechanisms along the Hellenic Arc.
In northwestern Greece the behaviour is more surprising, since there appears to be no
aseismic region between the zones undergoing extension and shortening. Dewey & Sengor
(1978) have also remarked that plate tectonics is not useful in the Aegean area where the
normal faulting is not confined to a narrow zone. It is important to stress that these obser-
vations do not imply any failure of the concepts of plate tectonics. There is no evidence that
the total slip across the active zones in the Aegean is different from the relative motion of
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the aseismic regions. The problem is that the relative motion does not predict the details of
the deformation within the zones and hence it is not useful in such regions. Why the de-
formation zone is so wide, especially in western Turkey, is still unclear. The most obvious
explanation is that the pre-existing geological structures are EW and cannot easily take
up a N-S shear. This suggestion was made in I but such faults have not been found by
field mapping (Brinkmann 1976; Dewey & Sengor 1978).

In I the velocity of the Aegean plate relative to Africa and Eurasia was estimated from
the difference between the azimuth of the slip vectors in the northern part of the Aegean
and along the Hellenic Arc. Since the difference between the two angles was small it then
seemed unlikely that the velocity estimates were reliable. If the new observations are
included the mean azimuth in the northern Aegean is 215° and that on the Hellenic Arc is
211°. The difference is not significant, and these results justify earlier doubts. The only
other method of estimating the velocity is from the relative motion between Turkey and
Eurasia, given in I as 4 em/yr in an E—W direction in western Turkey. The slip vectors
between the Aegean and Turkish plates are N—S, and this motion requires a velocity of
about 7 cm/yr for the Aegean in the direction of the arrow in Fig. 18. Because this estimate
depends on the details of the tectonics in eastern Turkey it could be reduced by a factor of
about two. Much larger reductions cause the slip direction between the Aegean and Eurasian
plates to differ significantly from that between the Aegean and African plates, and would
therefore disagree with the seismic observations.

Numerous authors have described the extension in the Aegean region as back-arc spread-
ing. This concept was originally rather precisely defined by Karig (1971) to be extension
occurring behind island arcs along the line marked by the volcanoes, but is now often used
for any sort of spreading behind island arcs. The extension in Fig. 18 clearly did not start
along the volcanic arc, and extends both E and W of the subduction zone. Therefore,
whether it is described as back-arc spreading depends on which definition is used. Such a
description is useful only if there is a relationship between the extension and the subduction,
and this is in general far from clear.

The geology of Greece, Turkey and the Aegean Islands suggests that they all once formed
parts of the same orogenic zone {Aubouin 1973; Bernoulli, de Graciansky & Monod 1974;
Aubouin et al. 1976; Brunn et al. 1976). However, the present elevation differences between
Greece and Turkey on one hand and the Aegean on the other are substantial. The difference
in elevation corresponds to a similar difference in crustal thickness. Makris (1975) and
Makris & Vees (1977) have shown that the crustal thickness beneath Greece and Turkey is
between 40 and 50 km, whereas beneath the Aegean Sea the crustal thickness varies between
22 and 32 km (Jongsma et al. 1977; Makris 1976; Makris & Vees 1977). These thicknesses
are based on gravity and seismic refraction observations. Woodside (1975, and private com-
munication) has also estimated similar crustal thicknesses, though his seismic control is less
extensive than that of the other authors. The simplest explanation of these observations is
that the thin crust beneath the Aegean has been produced by stretching the orogenic belt by
about a factor of two. The sea-floor shows evidence of such stretching in the past in the
southern Aegean, where it is still continuing (Jongsma et al. 1977), though much less vigor-
ously than in western Turkey and Greece. Fault plane solutions and surface breaks show that
normal faulting is vigorous in regions of western Turkey, Bulgaria, Greece and Albania where
it is not visible on the Landsat photographs. Both these observations can be explained if the
faulting now extends over a larger region than it did in the Pliocene, and suggest that the
region undergoing strong deformation by normal faulting has progressed outwards from the
southern Aegean. The motions in Fig. 18 suggest that the westward movement of Turkish
plate carries western Turkey through an extensional zone where the continent is stretched

9
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and its thickness halved. Afterwards, little further deformation occurs. This process doubles
the surface area in the deforming zone without generating any new crust, and is therefore
quite unlike the process at an oceanic ridge.

Cross-sections of normally faulted regions often show faults with constant dips cutting
through the crust. However, many normal faults in regions which have been carefully
mapped are known to decrease with depth and are called listric faults. Seismic reflection
profiles across active faults in the Basin and Range province in the western United States
clearly show a decrease in dip with depth (Snelson, private communication). Similar faults
have been mapped in the area (Young 1960; Longwell 1945). In the northwestern Aegean
seismic reflection profiles show that listric faults are widespread here also (Lalechos & Savoyat
1977), and have been mapped on land in Evvia (Mercier, private communication). The fault
plane solutions discussed in Section 4 also suggest that the dip decreases with depth.
Murawski (1976) has used a similar argument in the Rhine Graben to argue that the exten-
sion there is also occurring on listric faults. Such faults are probably more common than is
usually believed, and can account for the gravity field observed above graben structures
(Thompson 1959) without complicated return flows.

The geometry of listric faulting is shown in Fig. 19. At the surface break the dips are
steep but the decrease with depth causes back tilting of the subsided blocks. When displace-
ment occurs more subsidence takes place where the fault is steep and hence the thickness of
the material filling the graben increases towards the fault. For the same reason any river or
lake in an active graben is displaced towards the faulted side. Unlike thrust and strike slip
faults, where gravitational forces oppose the motion or are not involved, movement on
normal faults releases gravitational energy. It is therefore possible to have a continuous
transition from high stress normal faulting, which mostly releases elastic energy, to slumping,
which principally releases gravitational energy. It is therefore not surprising that the shapes
of seismically active listric faults and growth faults are similar. An important result of the
geometry in Fig. 19 is to cause estimates of extension made from the dip and throw of faults
at the surface to be too small, quite possibly by as much as an order of magnitude. Such
errors could explain the discrepancy between the geological and geophysical estimates of the
extension in the Gulf of Suez and East Africa. The thermal structure is also very strongly
affected by the magnitude of the stretching (see Section 8), and hence by the fault geometry.

The discussion above is concerned with the brittle part of the crust. There need be no
close relation between the deformation in this part and that in the hotter part below where
the deformation is aseismic and occurs through creep. The style of deformation observed in
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Figure 19. Sketch to show the relationship between the surface breaks of normal faults and the deeper
motions (heavy line) with shallower dips. A, alluvium; B, basement. The fine lines within the alluvium
mark former positions of the alluvial surface. The geometry requires internal deformation of the
downthrown material overlying the fault, and produces downwarping near the surface break, often lead-
ing to the formation of a lake, shown with fine dots.
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high-grade metamorphic terranes is very different from that observed nearer the surface and
the relationship between the two is not yet understood.

The other major mass conservation problem is the fate of the sediments swept into the
Hellenic Arc. The present crustal thickness in the eastern Mediterranean is at least 20 km
(Makris 1978). If it consists of oceanic crust overlain by sediment then the sedimentary
thickness is about 15 km. The depth of the intermediate shocks beneath the Aegean is at
least 150 km, hence about 200 km of plate must have been consumed. There is no obvious
place to put this amount of sediment, nor is it easy to understand how it could be subducted.

8 Thermal structure

It has been widely believed for ten years that the heat flow behind island arcs is anomalously
high, and a number of theoretical models have been proposed to explain the observations,
such as shear stress heating and erosion of the base of the lithosphere. Recently, however,
the importance of hydrothermal circulation through the oceanic crust has been recognized
as an important heat transfer process. Heat transport by convection across the water—rock
boundary does not contribute to the temperature gradient at the interface, hence the
conductive heat transport is less than the total. Sclater, Crowe & Anderson (1976a) have
collected from the deep oceans those observations which they believe are reliable and find
that the mean heat flow as a function of age is considerably greater than the mean of all
observations. Also the reliable curves for heat flow and for depth as a function of age both
agree with the curve calculated for a cooling plate model. Furthermore those marginal basins
whose age is known have heat fluxes which lie on the same curve for heat flow as a function
of age (Sclater et al. 1976b). Hence the difference between the estimates of heat flow
through marginal basins and through the normal ocean basins was caused by the depression
of the conductive heat flow through normal ocean basins by hydrothermal circulation, not
by some heat generating process beneath the marginal basins.

This discussion is of particular importance in the Aegean. Jongsma (1974) has shown that
the mean heat flux through the sea-floor is 2.1 ucal cm™2s™}, or about twice that through the
sea-floor south of the arc. This value is also substantially higher than the continental mean
of 1.5 ucalem™s™!, Makris (1975) has shown that the P-wave velocity beneath the Moho
under the Aegean is 7.7 km/s, or substantially lower than that under stable regions. Since
there is now no evidence that the high flow in regions like the Aegean is the result of pro-
cesses beneath the lithosphere, both observations must be explained by some other mech-
anism. Similar low velocities are common beneath extensional zones with high heat flow.
These observations are easily explained if the lithosphere of the Aegean has been stretched
by a factor of two, as was argued in the previous section. To obtain the thermal structure
and the surface temperature gradient it is necessary to know the temperature structure
before stretching and the time which has elapsed since the thickness changed. The simplest
geotherm has a constant gradient with depth: the one used here is shown in Fig. 20(a) and
is similar to that proposed by Parsons & Sclater (1977) for old oceanic plate. Beneath a
continent the temperature gradient must decrease with depth because of the contribution
of radioactive heating, but if this effect is included the analysis below becomes more compli-
cated without becoming more accurate. A number of different arguments suggest that the
stretching started during the early Pliocene, perhaps 4 Myr ago. The calc-alkaline vulcanism
associated with the present subduction zone is no more than 2.7 Myr old (Fytikas et al.
1976), and is distinct both in time and space from the Miocene and earlier vulcanism (Vilmi-
not & Robert 1974; Fytikas et al. 1976). Mercier et al. (1976) have argued that the Aegean
has been created by extension starting in the lower Pliocene about 5 Myr ago. These dates
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Figure 20. (a) Sketch to show the thermal structure of continental lithosphere, whose surface was origin-
ally 1 km above sea level, when extended by a factor of 2 at ¢ = 0. The immediate result is to raise the
boundary between the lithosphere and asthenosphere. This boundary gradually descends as heat is lost to
the surface. The final thermal structure is the same as that before stretching. (b) The surface heat flow
as a function of time, obtained from equation (4), HFU (1HFU =41.8 mW m~?). The initial stretching
doubles the heat flow, which decays, approximately exponentially, to its final value shown by the
horizontal dashed line at the right. (c) Subsidence of the top of the lithosphere when there is no sedi-
mentation (left side) and when the sedimentation rate is sufficiently fast to fill the subsiding region (right
side), obtained from equation (6). Sediment density taken to be 2.5 gm cm™ The base level of the
subsidence is shown by the horizontal dashed line on the right. (d) Subsidence of the stretched model,
shown by the continuous line marked Aegean, plotted against /¢, where ¢ is in Myr. The dotted line
shows a graphical extension of the straight-line portion of the curve. The ridge model of Parsons & Sclater
(1977) is shown for comparison.
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are consistent with the observations on land in both Greece and Turkey (Aubouin 1973;
Brunn et al. 1976). Recently Lalechos & Savoyat (1977) have discovered Miocene evaporites
in basins in the northern Aegean, and argue that the extension began somewhat earlier than
other authors have suggested. However, all these estimated times are short compared with
the thermal time constant of 60 Myr of a 120-km thick plate, and therefore do not affect
the thermal structure.

The temperature of a rock element, therefore, cannot change appreciably during the
extensional phase. Hence the present variation of temperature with depth is also a straight
line, but the lithosphere is half as thick and the heat flow is twice that before extension. The
lower half of the lithosphere has been replaced by mantle at the same temperature as the
asthenosphere. This mechanism increases the temperature at shallow depths without forming
sea-floor. Another explanation of these observations proposed by Makris (1976), requires
the existence of a hot plume of rising mantle beneath the Aegean. Apart from the lack of
independent evidence for its existence, it is hard to understand why such a plume should
exist beneath the Aegean in particular, rather than elsewhere. The surface tectonics of the
area are certainly different from that of surrounding regions, but it is difficult to understand
why this should produce a hot plume from deep within the mantle.

If the crustal thickness of the Aegean has been reduced by a factor of two by stretching,
about 200 km of motion must have occurred between Crete and Eurasia. If the extension
began 3 Myr ago the relative velocity required is 7 cm/yr, or 3.5 cm/yr if the time is
doubled. These velocity estimates are compatible with those in the previous section. Since
any extension in the Aegean must be balanced by consumption along the Hellenic Arc, the
length of the sinking slab must also be compatible with the model. The length of the slab
dipping beneath Greece is about 200 km and has been produced by relative motion between
the Aegean and African plates. Therefore this observation places an upper limit on the
displacement between the Aegean and Eurasian plates of 200 km, and this limit will only be
approached if the relative motion of the Aegean is fast compared with that between Africa
and Eurasia.

An important consequence of the thermal model in Fig. 20 is that it gives rise to sub-
stantial subsidence as the lithosphere thickens and cools. The history of the subsidence is
easily obtained from the cooling slab model (McKenzie 1967; Parsons & Sclater 1977) by
expanding the temperature perturbation caused by the extension as a Fourier series. Since
there are no lateral variations in temperature the conservation of energy requires

oT 2T )
—— K —

ot 922

where k is the thermal diffusivity and z the vertical coordinate. If a is the thickness of the
lithosphere before extension and 7, the temperature at its base (1) can be simplified if
dimensionless parameters are used, defined by

2
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z=az, t=—t, T=T,T.
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The solution to (2) with Fig. 20(a) as an initial condition is

4 = (-1Y
Tl=l—zl+—iz ( )2
m* =0 (21 1)

exp [—(20 + 12 n?f) sin(21 + 1) mz’. )]

Hence the surface temperature gradient is

aT' 4= (-1 2 2
(QLI =1 +7—”§0 ™ [-@+17n*r]. (4)

The heat flow obtained from this expression is shown in Fig. 20(b). Terms other than /=0
contribute little to the summation and are strongly affected by the details of the extension
process. It is therefore sufficient to retain only the first term.

oT’ 4 iy
(———,) =1+—exp(—7t). 5)
4 z'=1 w

This expression differs only by a factor of 2/x from the corresponding expression for the
sea-floor spreading model (McKenzie 1967) even though the initial temperature conditions
are very different. The resemblance is caused by the dominance of the first term in the
summation, to which the near-surface structure contributes little.

The thermal contribution to the elevation Ae may be obtained by integrating (3) (Parsons
& Sclater 1977)

apoaTy 8 & (-1)f
_@Pelo
(po_'pw) 773 =0 (2l+1)3

where po is the density of the mantle, p,, that of sea-water and « is the coefficient of
thermal expansion. This expression is only approximately correct since it does not take
account of the difference between the density and thermal expansion of crust and mantle
rocks. The resulting subsidence is shown in Fig. 20(c). As before, the first term in the sum-
mation is dominant giving

Ae =

exp [~ (2 + 1) 7" ('] (6)

De = _apocty % exp(—nt). @)
(po—ow) ™
As for the expression for the heat flow, there is a difference of a factor of 2/n from the
corresponding oceanic model. As Parsons & Sclater (1977) point out, (4) and (6) may also
be written as functions of v/¢'. Substitution of their values for the parameters into (7) gives
a value of 2 km for Ae(0), and a time constant for the subsidence of about 60 Myr. If the
sedimentation rate is sufficiently rapid to fill the trough as it develops then the total sub-
sidence AF is amplified by compensation
AE=20"0w 4, (8)
Po— Ps
where pg is the sediment density. Taking py=2.5 gives AE =5.75 km, and a required
initial sedimentation rate of about 8 cm/103 yr. Nesteroff, Wezel & Pautot (1973) found
rates of 6 to 9 cm/10® yr for turbidite deposition in the Mediterranean Sea, and therefore
the basin will fill as it subsides.
The subsidence curve is shown in Fig. 20(d) with Parsons & Sclater’s (1977) ridge model
for comparison. The principal differences between the two are that the linear portion of the
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Aegean curve, between about 16 and 60 Myr, extrapolates to about +500 m, rather than
passing through the origin, and both the total subsidence and rate of subsidence are less
than that of the ridge model. However both curves depart from the linear relation between
subsidence and age at approximately the same time.

The thermal model proposed above is similar to that of Sleep (1971), Sleep & Snell
(1976) and Haxby, Turcotte & Bird (1976). The principal difference is that the present
deformation of the Aegean suggests how the thermal disturbance which produces the sub-
sidence arises. Unlike several of the proposals for generating such anomalies (Haxby et al.
1976), the asthenosphere plays a passive role, upwelling where stretching occurs. Hence the
development of a basin can occur anywhere where a plate is stretched. This mechanism may
be more common than frequently supposed, because the geometry of the normal faults
discussed in the last section conceals much of the extension at the surface. Also the thermal
anomaly prevents much of the subsidence which would otherwise occur due to isostatic
compensation at the time of stretching. Only where good seismic reflection and refraction
control is available will the true extent of the stretching be clear.

9 Driving forces

The discussion of the kinematics and thermal structure in the previous two sections ignored
the dynamical problems involved in maintaining the observed motions. The two special
features which stand out in Fig. 18 are the wide distribution of normal faulting and the
close association of normal and thrust faults in northwestern Greece and Albania without any
evidence of a sinking slab. There are other dynamical problems concerned with the force
balances seaward of the Hellenic Arc and within the sinking slab, but these problems are
harder to investigate in the Eastern Mediterranean than in the western Pacific, and will not
be discussed here.

Since the momentum involved in all motions in the Aegean can be neglected, all such
motions must be driven by forces now acting. There are three possible forces which could in
principle maintain the observed motions: gravitational forces, forces on the boundaries of
the region and forces on the base of the lithosphere. In a general way gravitational forces
must be involved. They are the only source of the work required to maintain plate motions,
and the similarity between the normal faults and landslips suggests that considerable gravi-
tational energy is released during the extension. But it is difficult to believe that this release
maintains the extension. All continents can release gravitational energy by becoming thinner,
yet this behaviour is rare. Even in places where rapid and large variations in crustal thickness
occur, such as between the Pacific Ocean and the Andes, normal faulting and extension is
uncommon (Stauder 1975). In the Aegean region there is no great difference in thickness
between the area south of the Hellenic Arc and the region undergoing extension. These
arguments suggest that the extension is not the direct result of the local release of gravita-
tional energy, but must be maintained by forces on the boundaries or base of the lithosphere
which are generated by a release of potential energy elsewhere.

Boundary forces are probably important in continental tectonics. The westward motion
of the Turkish plate is most easily maintained by boundary forces acting on the North and
East Anatolian Faults (see I). Tapponnier & Molnar (1977) have also suggested that boundary
forces can maintain similar motions on a larger scale further east. It is, however, difficult to
understand how such forces can maintain the widespread extension observed in the Aegean
area. Dewey & Sengor (1978) have attempted to do so, but it is hard to believe that blocks in
northwestern Greece and Albania have sufficient strength to act in the manner they proposed.
Many faults with variable trends are active, and the entire area is seismically active (Fig. 14).
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Figure 21. Flow in the wedge above the sinking slab when the plate behind the island arc is fixed with
respect to the line of subduction, (a), and (b) when the upper surface above the sinking slab is allowed to
move towards the line of subduction and is not acted on by any external force (see text).

The arguments above suggest that only forces acting on the base of the lithosphere can
account for the observations. Because so little is known about the forces which maintain
plate motions, the major constraints on such force systems must come from numerical and
laboratory experiments on convecting systems. The observations require some mechanism
by which the Aegean can be kept in tension and carried southward relative to Turkey. The
change in mechanism from normal to thrusting on faults with similar strikes in Albania and
northwestern Greece, and also in southwestern Turkey, requires rapid changes in the stress
systems (Section 6), whereas the normal faulting normal to the arc does not (Section 5). In
southwestern Turkey there is a seismically active sinking slab, but there is no evidence that
such a slab exists beneath northwestern Greece and Albania. The similarity solution for the
flow and stress behind a slab sinking through a viscous fluid of constant density is shown in
Fig. 21. The solution in Fig. 21(a) is that obtained by McKenzie (1969a). The plate above
the sinking slab is stationary with respect to the corner and the viscous forces on the base
produce tension. If the stress is sufficient to break this plate, then the appropriate solution
to use has zero tangential stress rather than zero velocity as a boundary condition at the
surface. This solution is easily obtained by the same methods used by McKenzie (1969a):

v=(vr,ve)=(£d(;3, —@) ©)

where

_2V(6sinacosf —acosasing)

(10

sin 2o — 2«
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v, is the radial and v, the tangential velocity, V the radial velocity of the slab sinking at an
angle « to the horizontal and 8 is measured downward from the horizontal. The correspond-
ing streamlines are shown in Fig. 21(b). A surprising feature of this solution is that the radial
velocity on the upper surface is independent of r, the distance from the corner:

©=0) 2V (sina — a cos @) (1)
v (0 =0)=— .
' sin 2o — 2a

A plate moving with this velocity towards the comer will experience no stress on its base. A
value of a of 45° gives v, = —0.53 V. The attractive feature of this solution is that it allows
the extension associated with the subduction to occur at considerable distances behind the
trench, even if the plate above the sinking slab is weak. In the Aegean region this is import-
ant because the extension is now taking place over a large area. The main difficulty with
this model occurs if the motion of the material above the sinking slab is communicated
directly to the plate above, as is shown in Fig. 21(b). The velocities shown are relative to the
corner of the subducting plate, and would require extensive continental thickening beneath
the southern margin of the Aegean. It is more likely that the flow in the asthenosphere is
decoupled from the plate by a region of low viscosity.

The remaining problem concerns the deformation in northwestern Greece and Albania.
The close relationship between the thrusting and normal faulting is similar to that in other
parts of the Hellenic Arc. This connection suggests that there is a sinking zone in the mantle
beneath the thrusting and upwelling further east. Such a flow could be maintained by a hot
plume of material beneath the Aegean as Makris (1976) has suggested, or a cold sinking region
further west. The problem with Makris’ proposal is that upwelling plumes must originate in a
hot boundary layer, either near a depth of 700 km or deeper. It is difficult to understand how
surface motions could control the sites of such plumes, yet there appears to be a close relation-
ship between the tectonics of northwestern Greece and Albania and that of the rest of the
Hellenic Arc. A simpler model allows the lower part of the lithosphere to detach from the
upper and to sink as a cold blob beneath the thrust zone. Similar motions are common in
convecting fluids driven by heating from within (McKenzie, Roberts & Weiss 1974). Such
an instability is easily produced by thrusting, which thickens the lithosphere. The lower
part then detaches as a blob. The stress at the surface (Fig. 22) closely resembles that
suggested by the fault plane solutions. The main difference is that, in the numerical experi-
ments, the thrust zone is flanked on both sides by extension, whereas only one such zone is
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Figure 22. Isotherms obtained from a numerical model of convection in a fluid heated from within,
showing the formation of a sinking blob of cold fluid by an instability of the upper boundary layer. Parts
of the surface undergoing extension are marked E, those undergoing shortening are marked C. The sub-
divisions of the scale are at 100-km intervals.
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observed in the Aegean. If, however, the strength of the Apulian block which exists beneath
the northern part of the Ionian Sea is sufficient to prevent failure, then this difference can
be explained. If there is a sinking blob beneath this area why is there no associated seis-
micity or vulcanism? The absence of earthquakes may be due to the temperature. McKenzie
(1969a) showed that there was a close relationship between the temperature and the depth
of the deepest shocks in sinking slabs. More recently Engdahl, Sleep & Lin (1977) have
shown that the intermediate shocks beneath the Aleutians occur in the upper colder part of
the plate (defined by the zone of anomalously high velocity). The intermediate shocks
beneath the Aegean also appear to lie in the upper part of the plate (Gregersen 1977) though
the control is not as good as in the Aleutians. The critical temperature is not well determined,
but appears to be in the region of 500 to 700°C. Since the asthenosphere temperature is
about 1300°C, sinking blobs can be both cold and aseismic. Furthermore, if the tempera-
ture is sufficiently high to cause elastic stresses to be relaxed by creep, the geometry of the
cold sinking region will probably be different from that of a typical dipping slab.

The absence of vulcanism is less difficult to account for, since it is widely believed that
calc-alkaline lavas are produced by partial melting of oceanic crust. There is no reason to
believe that oceanic crust exists beneath northwestern Greece and Albania, and hence volcanoes
should not be present. The cold blob is more likely to consist of mantle material cooled by
the process discussed in the previous section than of true oceanic plate.

Arguments concerned with stresses and with the driving mechanism are always more
speculative than those concerned with kinematics and thermal structure, and the ideas dis-
cussed in this section are no exception. Despite such warnings there is a suggestion that the
surface motions in wide zones of continental deformation may directly reflect motions in the
mantle below. The scale of the proposed motions beneath the Aegean is comparable to that
of small-scale motions which are thought to exist beneath oceanic plates (Richter 1973;
Parsons & McKenzie 1978). These ideas can be tested by travel-time observations such as
those of Gregersen (1977), which should be able to detect high-velocity blobs in the mantle.

10 Discussion

The Aegean region is similar to other parts of the Alps and the Mediterranean, such as the
Tyrrhenian Sea and the Pannonian Basin (Boccaletti er al 1976) except that it is still seis-
mically active. This difference is of great importance because fault plane solutions and the
seismicity can be used to investigate the instantaneous deformation. By using the present
deformation as a guide to that in the past, the problem of the mechanism which maintains
the motions can be separated from the kinematic and thermal events. This is the same
separation that was used with such success in plate tectonics. There is close geological
resemblance between the Aegean Sea and the mountain belts of Greece and Turkey. The
principal difference is that the Aegean continental crust is only about half as thick as that on
either side. The stretching which has presumably produced this effect is still occurring in
western Turkey and parts of Greece, though it has almost ceased in the southern part of the
Aegean. The stretching is not confined to a small number of faults but occurs throughout
large regions. The reason why the deformation should occur in this way is not understood.
Because the dip of the normal faults involved decreases with depth, estimates of extension
made from the dip and throw measured at the surface are always too small. Without seismic
control or numerous drill holes reasonable estimates of the extension are not possible. One
important consequence of the extension is to replace the lower part of the lithosphere with
hot mantle, producing high heat flow and the slow thermal subsidence characteristic of sedi-
mentary basins. The forces that maintain the observed motions are likely to result from flow
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associated with sinking slabs and from the cold lower parts of the lithosphere detaching and
sinking as a blob through the mantle. Whether the descent of the cold material is marked by
intermediate shocks depends on its temperature. These suggestions imply that the lower part
of the lithosphere can be replaced, cooled and detached without generating oceanic crust
and forming a spreading ridge. Lithosphere consisting of a thin (25 km) continental crust
overlying mantle material appears to be more easily deformed than oceanic lithosphere and
hence the surface motions reflect more closely the convective motions below than they do
in true oceanic regions. Except where aseismic regions exist the motions are poorly described
by plate tectonics. These ideas are strikingly similar to those proposed by the few tectonic
geologists who accepted continental drift early this century (Argand 1924 ; Holmes 1929).
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